Objective: To investigate the origin of signals from scanning laser Doppler flowmetry (SLDF) and the influence of axial scan depth on the measurement of blood flow in the rat retina.
M EASUREMENT OF RETInal blood flow can provide valuable clinical information in the management of patients with diabetic retinopathy, agerelated macular degeneration, and other retinopathies. Angiographic techniques using conventional optical [1] [2] [3] or scanning laser image 4 acquisition with conversion of angiographic data to flow values have been described 5 ; however, these methods have not been fully validated using experimental or clinical models. Laser Doppler techniques [6] [7] [8] are noninvasive and therefore offer an advantage over angiographic techniques, which require an intravenous injection of fluorescent dye. Considerable controversy exists about the origin of the laser Doppler signal, 9, 10 specifically regarding the caliber of contributing vessels and whether they are situated superficially or deeper in the sampled tissue.
Confocal scanning laser Doppler flowmetry (SLDF) has the potential advantage of providing a spatially rich blood flow image. 11, 12 Bench experiments have shown that measured flow in arbitrary units (AU) changes linearly with actual flow up to a peak velocity of approximately 1 mm/s parallel to the detector axis. 13 However, with this technique it is not clear whether signals arise from mainly superficial vessels or whether deeper vessels also contribute. One study 14 suggests that SLDF measures predominantly superficial blood flow in the optic nerve head, although to date no reports have been published on important issues such as the effect of focus of the incident laser on SLDF signals or whether the technique can reliably measure flow signals from the deeper retina or capillaries.
In this study, we used SLDF for noninvasive retinal blood flow measurement in rats. The effect of changing the focus depth of the incident laser light was investigated on flow measurements, whereas the origin of the signals in individual retinas was investigated by mapping the measured flow values with the retinal vasculature labeled with fluorescein isothiocyanate conjugated (FITC)-dextran.
METHODS

GENERAL PREPARATION
Adult Sprague-Dawley rats were anesthetized with an intraperitoneal injection of 100 mg/kg of 5-ethyl-5-(1'-methylpropyl)-2-thiobarbituate (Inactin; Sigma Chemical Co, St Louis, Mo). Atropine sulfate (20 µg) was administered intramuscularly to minimize salivation. Body temperature was monitored and maintained at 37.5°C using a rectal thermometer and a homeostatic blanket (Harvard Apparatus, Holliston, Mass). Animals were killed with an anesthetic overdose. All procedures complied with guidelines from the institutional committee on the care of laboratory animals.
SCANNING LASER DOPPLER FLOWMETRY
Retinal blood flow was measured using the Heidelberg Retina Flowmeter (HRF; Heidelberg Engineering GmbH, Dossenheim, Germany), a confocal scanning laser Doppler flowmeter. The technique relies on measuring time-related intensity variations of backscattered light from an illuminated spot on the fundus. These intensity variations are due to interference between backscattered light from stationary structures such as tissue and vessel walls and from moving blood particles. The intensity variation measurements are subjected to a fast Fourier transform to obtain the power spectrum of the multiple frequency shift components. Thereafter, 3 hemodynamic variables, velocity, volume, and flow, are computed from the power spectrum in AU. 15 The instrument and its operation have been detailed elsewhere. 11 Briefly, a diode laser (wavelength, 780 nm) is used to scan an area of 10 ϫ 2.5 (in the human retina) after it has been focused at the desired axial plane (for example, the retina-vitreous interface). The image resolution is 256ϫ64 picture elements (pixels). Each of the 64 horizontal lines is scanned 128 times with a line repetition rate of 4 kHz. The total image acquisition time is 2.05 seconds. The 128 intensity measurements at each location are made by a photodiode behind a confocal pinhole. The result of each processed scan is a 2-dimensional perfusion map of the imaged area. The measurements derived with SLDF have been shown to have a linear relationship to actual flow rates in experimental bench model systems. 13, 16 For the current experiment, we used a specially modified optical system for the HRF identical to that used for obtaining topographic images of the rat optic nerve head. 17 Briefly, the modifications involved changes in the laser output and scanning angles and the use of a microscope objective and a glass planoconcave contact lens. The minimum increment in focus was 0.125 D as opposed to the 0.25 D in the standard instrument. An additional stereotaxic framework was specifically manufactured for mounting the HRF camera. This device allowed centralization of the HRF laser through the pupil and adjustment of the angle and distance of the HRF objective from the eye. The rat was placed prone in a modified stereotaxic frame (model 51400, Stoelting Co, Wood Dale, Ill). An eye ring was sutured to the conjunctiva at the limbus and fixed to a custombuilt stereotaxic frame, which could be displaced laterally and vertically with respect to the HRF.
In each animal, 3 scan locations (approximately 2 disc diameters inferior, inferior nasal, and inferior temporal) were chosen for imaging. These locations typically contained at least one artery and vein, in addition to arterioles and venules. After the camera was focused on the retinal surface with the stereotaxic apparatus and the focus set to 0 D, sequential images were acquired from ϩ2 D to -3 D (in increments of 0.25 D) relative to the 0-D setting or ϩ1 D to -2 D (in increments of 0.125 D) relative to the 0-D setting. This procedure was repeated for the other 2 locations. Hence, 3 sets of images, with each containing a depth or axial series at each location, were obtained. After animal preparation, all the images were obtained in approximately 45 to 60 minutes.
FLUORESCENCE ANGIOGRAPHIC TECHNIQUE
After the imaging session with the animal still under deep anesthesia, both carotid arteries were cannulated within 5 to 10 minutes for perfusion fixation. Both jugular veins were severed to allow outflow of blood and perfusate. Red blood cells were flushed out of the ocular circulation using carbogen bubbled Krebs solution that contained heparin (100 U/mL). A total of 50 mL of 3% paraformaldehyde in 0.1M phosphatebuffered solution was used as a fixative. To stain the vasculature, 1 mL of a mixture of 5% FITC-conjugated dextran and 3% gelatin dissolved in warmed 0.1M Krebs solution was infused into the carotid arteries until outflow was visible from the severed jugular veins. The eyes were enucleated and further fixed overnight in ice-cold 3% paraformaldehyde to aid the setting of the gelatin-FITC-dextran mixture.
After 24 hours, the retina was carefully dissected and whole mounted. The portions of the retina that were imaged with the HRF were digitally imaged under epifluorescence with the same location imaged at 3 axial distances, capturing the superficial and deep retinal (capillary) vasculature.
DATA ANALYSIS
The raw SLDF data from each image were processed using the HRF software (version 1.04W) to obtain the flow images. The image quality of the flow maps in each of the 3 sets of images was carefully examined for exposure and detail of the perfusion pattern. One set of images was then selected for analysis based on image quality. Using the pattern of vessels from the FITC-dextran angiograms, 5 locations in the SLDF images were carefully chosen for obtaining flow measurements in an artery, vein, arteriole, venule, and capillary bed (identified in the angiograms). The cartesian coordinates of the location were noted and sequential depth measurements were always made at this location, since there was no eye or HRF movement during the axial scans for a given location. Using the software, average measurements in a 2ϫ2-, 4ϫ4-, and 10ϫ10-pixel window centered on the given location were made. These flow values were digitally recorded using the software.
We carefully compared the pattern of the vasculature from the axial series of SLDF flow images to the pattern of the retinal vasculature with the axial angiograms. To supplement this qualitative visual analysis, we determined whether the measured flow values for different locations obtained as described above changed as a function of retinal depth to address the possibility of extracting flow-related information in SLDF images that do not show obvious flow patterns that resemble the vasculature. For each animal and location, flow profiles (in axial depth) obtained for each of the 3 measurement windows were plotted.
RESULTS
A total of 5 animals were used in this study. In 2 animals, the axial SLDF images were obtained in increments of 0.25 D, whereas in the remaining 3 they were obtained in increments of 0.125 D.
The pattern of the retinal vasculature visualized with the SLDF images showed good spatial correspondence (REPRINTED) ARCH OPHTHALMOL / VOL 124, MAR 2006 with the FITC-dextran angiograms for the larger vessels. In many cases, the SLDF images showed resolution to third-order arterioles (Figure 1) ; however, some of the arterioles, often of first or second order, shown in the angiograms were not apparent in the flow images. Venules draining the deep capillary circulation were also clearly resolved by the SLDF images. However, neither the superficial nor deep capillary circulations could be visualized ( Figure 1 ) in any of the axial SLDF images of any animal. At deeper locations, flow information from apparently large vessels that did not correspond to vessels in the angiograms was also visualized. Since only the retina was dissected and whole mounted for obtaining the angiograms, it was concluded that this information likely originated from choroidal vessels. Careful examination of superficial SLDF images also showed blood flow information from relatively large vessels in the choroid (Figure 1 ).
Representative flow profiles of one animal for all locations and 3 measurement windows are shown in Figure 2 . The data for measurements in artery, vein, arteriole, and venule showed that the flow values depended on axial depth, indicating that the highest flow values were obtained when the focal plane corresponded to the axial location of the vessel. The flow profiles obtained from the capillary bed did not seem dependent on axial depth, confirming the visual observation that the SLDF images do not contain information from the capillaries. The fact that the flow values at these locations were low and did not change with axial depth sug-gests that flow information from the capillaries cannot be distinguished from the background noise level.
The mean axial blood flow data obtained from the 10ϫ 10-pixel measurement window for all 5 measurement locations in all animals are shown in Figure 3 . The data for the 2 ϫ 2-and 4 ϫ 4-pixel measurement window were similar and are not shown. The peak flow values in the arteries varied from 2000 to 7000 AU and in veins from 3500 to 5500 AU. In all cases, flow measurement values in the artery and vein showed dependence on scan depth with a single peak. However, in one animal (R-387), measurements in the vein yielded 2 peaks because of interference from a choroidal vessel. Although measurements from the arteriole and venule locations also depended on scan depth, the flow values were lower and peaks not as distinct, especially for the venules. Measurements from the capillary locations were generally very low and not systematically dependent on scan depth. In 2 cases (R-348 and R-386), flow values decreased slightly with scan depth, whereas in 1 case the opposite (R-387) was noted.
COMMENT
Techniques for measuring blood flow in the retina and optic nerve head have the potential to provide important clues about the pathophysiology of many retinal and optic nerve disorders. They can also play an important role in the diagnosis and management of these diseases. Validation studies of clinical devices for measuring blood flow can be problematic, since gold standard methods are either unavailable or invasive. Because the retina contains multilayered vascular beds, it is impossible in human studies to determine the contribution of each layer to the final measurements obtained with a technique such as SLDF. Although studies in experimental animals may have limited direct relevance to clinical measurements, experimental studies provide a powerful start to understanding the validity and limitations of blood flow measurements for translation into clinical practice.
Our study demonstrates that SLDF is capable of measuring signals from larger retinal vessels, down to second-or third-order arterioles and venules. This was evidenced by both the FITC-dextran angiograms and the quantitative measurements performed at these locations. It was notable that not all arterioles and venules that were shown in the angiograms produced a detectable flow signal in the SLDF images. There was no obvious trend that the ability to detect SLDF flow signals was related to vessel size, because similarly sized vessels located in close proximity (as shown by the angiograms) were often not all detected with SLDF. It is possible that the flow signals are critically dependent on image quality and that the relatively high curvature of the rat retina may have caused some optical distortion and made the Doppler signal difficult to detect. Alternatively, it is possible that these vessels were not perfused at a level to have a detectable flow measurement at the time of the imaging session.
Many authors have used SLDF with the assumption that flow measurements originating from capillaries can be made. 11, 18, 19 However, evidence from this and a recent study 20 strongly suggest that SLDF cannot measure reliably in capillaries. First, in the present study we were unable to visualize any capillaries as localized in the angiograms in either the superficial or deep capillary layers in the respective SLDF images. In the HRF analyses, the Doppler frequency shifts between 125 and 2000 Hz, which correspond to a detection range in the velocity vector parallel to the detector of 0.05 to 0.78 mm/s. 13 Since the plane of larger retinal vessel is nearly perpendicular to the detector, substantially higher velocities can theoretically be detected. 13 However, because the angle between the velocity vector and the detector axis likely varies, even along an individual vessel, and since the Doppler shift near 90°for a given velocity changes rapidly with small variations in this angle, it is probably not meaningful to compare flow values among different locations in a flow map. Comparing the same location before and after an intervention or over time may be more meaningful, providing the properties of the static scatterers have not changed. The possibility exists that the velocity in capillaries is too low and produces Doppler shifts that escape detection with a lower cutoff frequency of 125 Hz. The SLDF flow maps were recomputed in some animals with a lower cutoff of 31 Hz to address this issue (G. Zinser, PhD, oral communication, January 2005). In all cases the recalculated flow maps failed to reveal capillary flow; hence, we do not believe that the frequency bandpass of the HRF is the reason for not detecting capillary flow. Second, we were unable to show any focus depthdependent changes in flow when measurements were made in locations devoid of retinal vessels except capillaries, as indicated in the angiogram. Additionally, flow measurements in capillaries were very low and close to noise levels. Finally, in a recent study, we showed that there were no changes in SLDF-measured flow in locations that contained capillaries immediately before and after laser occlusion of the retinal circulation, whereas significant decreases, down to background levels, were noted in all other retinal vessels. 20 The SLDF images showed signals that originated from vessels that were not detected in the angiograms and were therefore highly likely to be choroidal in origin. These signals were detected even at relatively superficial retinal locations (Figure 1) . In clinical studies, SLDF measurements are usually made at one focal plane. Axial flow profiles are not recorded due to acquisition time, eye movements both during and between axial scans, and the current inability to accurately register axial SLDF images. It is therefore difficult to rule out the interference of choroidal signals in the measurement of retinal blood flow on the basis of a single axial flow image, even when the focus is set to the superficial retina. Because the axial resolution of confocal ophthalmoscopy in the human eye is estimated to be approximately 300 µm, 21 it is likely that despite confocal optics, flow signals from at least the anterior choroid can be detected when the imaging focal plane is set at the superficial retina. Indeed, SLDF measured blood flow in areas of retina affected by a branch vein occlusion where absence of blood flow was confirmed by fluorescein angiography. 22 Thus, clinical studies have also provided evidence that the choroidal cir-culation influences SLDF-measured flow in the retina. Based on the ocular constants in the rat eye 23 and the optical setup of the HRF, the axial resolution is estimated to be similar to that in the human eye (G. Zinser, PhD, oral communication, January 2005). With the modified HRF setup for use in rats, a 1-D change in focus is equivalent to approximately 110 µm (G. Zinser, PhD, oral communication, January 2005). Examination of the axial SLDF images (Figure 1) shows that the flow imaged in the large vessels at deeper locations are choroidal given that the rat retina is approximately 325 to 350 µm thick. 24 Our study was necessarily descriptive because it is not meaningful to pool data across animals, since measurement locations were chosen according to the respective angiograms and not location, size, and depth of vessels. Therefore, computing means to examine the effect of focus depth on flow measurements across all animals would have been inaccurate since the respective vessels may have been located in different axial locations. This was particularly the case with venules, because they emerged superficially at a steep gradient from the deep capillary bed. We believed it was more appropriate to present the data from each animal separately. Examining the correspondence between the angiograms and SLDF images was qualitative and subjective, because an objective and quantitative analysis is not readily feasible with this form of data. Although the rat and human retina and its circulation are not completely equivalent, an experimental study such as this can offer many advantages over clinical studies in understanding the applications and limitations of SLDF. Because the eye was stabilized and the HRF fixed to the stereotaxic frame, no motion occurred during image acquisition, ensuring high-quality images. In clinical studies, motion artifacts are virtually impossible to eliminate. Additionally, we were able to obtain axial scans at the same transverse location, allowing us to generate axial flow profiles that help us understand the contributions of the different sources of blood flow to the measured values. Such studies would be difficult to replicate clinically given the current hardware and software limitations. Correlating the angioarchitecture obtained with the FITC-dextran angiograms to the SLDF images is a powerful method to identify the blood vessels that contribute to the SLDF measured flow. In summary, based on angiograms and axial SLDF flow images, we showed that SLDF can image blood flow in arteries, veins, and some arterioles and venules. We were unable to demonstrate that capillary flow could be reliably imaged. Finally, some choroidal vessels can exert an influence on blood flow measurements obtained from retinal locations. 
